Abstract − We investigated the reduction leaching process of manganese dioxide ore using black locust as reductant in sulfuric acid solution. The effect of parameters on the leaching efficiency of manganese was the primary focus. Experimental results indicate that manganese leaching efficiency of 97.57% was achieved under the optimal conditions: weight ratio of black locust to manganese dioxide ore (WT) of 4:10, ore particle size of 63 μm, 1.7 mol·L -1 H 2 SO 4 , liquid to solid ratio (L/S) of 5:1, leaching time of 8 h, leaching temperature of 368 K and agitation rate of 400 r·min -1
Introduction
Manganese is a strategic element that is utilized primarily in the steel industry, for fabrication with non-ferrous metallurgy and batteries, and many other applications. Rhodochrosite (MnCO 3 ) and pyrolusite (MnO 2 ) are the two most common forms of manganese ores. With the growing demand for manganese, once-rich manganese ores are being overexploited at an alarming rate. This has caused the grade of rhodochrosite to decrease from 18-20% to 13-15% in several manganese-concentrated areas [1] . Leaching of manganese dioxide ore is usually performed under reducing conditions, due to its stability in both acidic and alkaline oxidizing conditions. Generally, a reduction roasting process has been used to convert Mn 4+ to Mn
2+
first by carbon at about 1100 K when manganese dioxide ore is used for electrolytic manganese production [2] . However, the reduction roasting process leads to a highly complex system, high investment and operating cost. Hydrometallurgical techniques have grown increasingly popular over more conventional reduction roasting in recent years, favored for their low energy consumption, mild reaction conditions, and environmental benignity. Numerous types of reductants have been applied to leaching manganese from manganese dioxide ore, including aqueous sulfur oxide [3, 4] , pyrite [5] , iron(II) sulfate [6] , iron metal [7] , oxalic acid [8] and hydrogen peroxide [9] . A wealth of studies have been published recently regarding the use of biomass as reductants for reductive leaching of manganese dioxide ore, such as waste tea [10] , molasses [11, 12] , molasses alcohol wastewater [13] , cornstalk [14] and corncob [15] . The use of biomass as reductant to leach manganese dioxide ore has been shown to be efficient and simple.
At present, nearly million acres of black locust is cultivated each year in China, with the primary cultivation areas concentrated in temperate regions of western and central of China, the manganeseconcentrated areas.
Black locust (Robinia pseudoacacia L.), with its excellent properties (strong adaptability, fast growth, good quality, wide purpose), was introduced from its native range in North America to other continents and currently is cultivated in many places throughout the world [16] . Black locust grows well in metalliferous fields and piled residue sites, due to black locust belonging to nitrogen-fixing plants [16, 17] . At present, nearly a million acres of black locust are cultivated each year in China. And the primary cultivation areas are concentrated in temperate regions of western and central of China, the manganese-concentrated areas. Besides, massive discarded black locust sawdust is typically processed into semi-finished coal and compression board in black locust wood processing plants. Black locust is a low cost, extensively distributed and easily available resource, containing renewable and non-hazardous reducing agent compared to other raw materials that can be used for manganese leaching under mild acidic conditions. In aqueous acid solution, numerous potential reductive components in black locust, such as cellulose and hemicellulose, can be hydrolyzed into reductive carbohydrates [18] . Therefore, black locust could be applied to leach manganese dioxide ore in sulfuric acid solution. It may be a promising green process in reductive leaching manganese dioxide ore and efficient renewability of black locust.
In this study, black locust was used as reductant in sulfuric acid solution for reduction leaching of manganese dioxide ore. Effects of specific parameters on the reductive leaching efficiency of manganese were investigated, respectively. A kinetic model of the leaching process was studied and ore and black locust materials before and after leaching were also analyzed.
Experimental

2-1. Materials
Manganese dioxide ore was obtained from an electrolytic manganese company situated in western of Hunan Province, China. The ores were crushed, ground and screened to obtain raw material. The samples were then sieved into four separate fractions. Average particle size (expressed as volume mean diameter) is 63, 76, 122, and 204 µm as-measured by laser particle sizer (Mastersizer 2000, Malvern, United Kingdom). The ore material was chemically analyzed for its major and minor elements as shown in Table 1 . To increase the contact area with the reactants, black locust branch was crushed by a pulverizer to form powder with a particle size of -150 μm. The proximate analysis of black locust powder is shown in Table 2 .
2-2. Leaching procedure
The leaching experiment was conducted in a 250 mL three-neck flask fitted with a reflux condenser, kept over a mechanical stirring system and immersed in a thermostatically controlled water bath. In a typical experiment, 10 g manganese dioxide ore and 4 g black locust powder were added to 100 mL aqueous sulfuric acid solution (1.7 mol·L ) at constant temperature for a specified period of time.
2-3. Analytical method
At periodic intervals, solution samples were withdrawn from the flask and manganese in filtrate was analyzed by using an ultravioletvisible (UV-Vis) spectroscope (UV-2700, Shimadzu, Japan) at 525 nm [19] . The leaching efficiency is calculated by formula (1) . (1) where C is the manganese concentration obtained from the standard working curve (mg/ml); V 0 is the volume of total leachate (mL); V 1 is the volume of absorbed leachate (mL); V 2 is the volume of absorbed leachate after diluted (mL); G is the weight of manganese ore sample (mg); ω is the weight ratio of manganese in ore sample (wt.%).
The hydrolysis ratio of each composition in black locust was calculated by referring to the loss amount to its original content quantity. Ore samples before and after leaching treatment were characterized by powder X-ray diffraction (XRD) (diffractometer LA5X, Shimadzu, Japan). To investigate the change of black locust before and after the leaching reaction, black locust was wrapped by using a double fabric diaphragm tightly into a small packet and then put into the reaction pulp. Accordingly, black locust and its leached residue were analyzed by Fourier transform infrared spectroscopy (FTIR).
2-4. Overall reaction mechanism
Leaching of manganese from manganese dioxide ore with black locust in an acidic medium is considered as a redox reaction in nature. The main leaching reactions could be described as follows [20] :
(C 6 H 10 O 5 ) n indicates that the cellulosic part of black locust is composed of a-D-glucose units. Acid hydrolysis of black locust releases sugars like glucose, galactose, and mannose from the cellulose. These released sugars act as reductant, especially glucose.
2-5. Kinetic analysis
To determine the kinetic parameters and rate-controlling step for the leaching of manganese dioxide ore, the experimental data were analyzed on the basis of the shrinking core model [13, 21] . If the reaction rate is controlled by inner diffusion, its rate equation is as follows:
If the reaction is controlled by the surface reaction, the rate equation can be the following equation: (4) where X is the leaching efficiency; k d and k r are rate constants, respectively; t is the reaction time.
The temperature dependence of the reaction rate constant can be calculated by the Arrhenius equation: 
where A is the frequency factor, and E a is the activation energy of the reaction; R is the universal gas constant; T is absolute temperature.
Results and Discussion
3-1. Effect of agitation rate
The effect of agitation rate on the leaching efficiency of manganese was controlled in the range of 200 r·min , due to enhanced diffusion of liquid reactants. Agitation rate has less effect on the leaching rate of manganese while agitation rate continues increasing. And the rational application of devices as well as efficient energy are taken into consideration. Therefore, subsequent experiments were performed at agitation rate of 400 r·min -1 to ensure that the influence of external mass transfer is negligible.
3-2. Effect of weight ratio of manganese dioxide ore to black locust
The effect of WT on the leaching efficiency of manganese was investigated by changing WT from 0:10 to 6:10 under the conditions of 63 μm, 1.7 mol·L . Fig. 2 shows that black locust plays a critical role in the leaching process of manganese. In the absence of black locust, the leaching efficiency of manganese is only about 8.06%. The leaching efficiency of manganese increases with WT increasing when WT is below 4:10. However, beyond 4:10, WT had less effect on leaching efficiency of manganese. Therefore, WT of 4:10 was used in all subsequent tests. The increase of WT in fact leads more reducing substances to generate from black locust, which causes higher manganese extraction. These results can also be explained by the fact that manganese dioxide ore is insoluble in H 2 SO 4 solution when reductant is not present [22] , but when black locust is added, Mn +4 can be converted to Mn +2 , which is easily leached in sulfuric acid solution, as demonstrated by Eq. (2).
3-3. Effect of initial ore particle size The effect of ore particle size on leaching efficiency was studied by testing initial ore particle size from 63 μm to 204 μm under the conditions: WT of 4:10, 1.7 mol·L . The results are summarized in Fig. 3 , which shows that leaching efficiency of manganese decreases from 97.74% to 78.85% with average diameter increase from 63 μm to 204 μm. The decrease of leaching efficiency for larger-size particles is caused by the decreased contact area of manganese ore and reductive regent [23, 24] . Hence, a particle size of 63 μm was used for the following reduction trials. Fig. 1 . Effect of agitation rate on the leaching efficiency of Mn. . Fig. 4 more easily into the solution.
3-5. Effect of liquid to solid ratio
To study the influence of liquid to solid ratio on manganese leaching efficiency, the leaching efficiency of manganese was tested by varying L/S from 3:1 to 7:1 under similar conditions previously mentioned: WT of 4:10, 63 μm, 1.7 mol·L -1 H 2 SO 4 , 8 h, 368 K and 400 r·min -1
. The results are presented in Fig. 5 . The leaching efficiency of manganese increases rapidly from 59.73% to 97.2% with increase of L/S from 3:1 to 5:1. There is no significant difference in leaching efficiency when L/S is above 5:1. At L/S of 3:1, manganese extraction is low because the sulfuric acid concentration does not sufficiently break glycosidic bond cleavage to obtain any significant manganese dissolution [13, 25] .
3-6. Effect of leaching temperature and leaching time
The experiments were performed by varying leaching temperature from 333 K to 368 K and varying leaching time from 1 h to 8 h to evaluate the effects of these parameters on the reductive leaching efficiency of manganese under above-mentioned optimum conditions. The results, illustrated in Fig. 6 , indicate that the temperature and time have significant influence on the reduction ratio of manganese dioxide ore. It is observed that the leaching efficiency of manganese increases from 80.25% at 333 K to 96.5% at 368 K after 8.0 h, due to increased temperature accelerates reaction rate of MnO 2 with H 2 SO 4 in terms of Eq. (2). However, further increasing leaching temperature or time does not efficiently improve the leaching efficiency. The reason for this is likely due to reduction in the final concentration of reagents when leaching reactions proceed with increase of leaching time. The appropriate leaching temperature is 368 K, because excessive higher temperature may lead to high evaporation speed and energy consumption. Therefore, 368 K and 8 h were chosen as optimized leaching temperature and time.
To obtain the kinetic equation and apparent activation energy for manganese dioxide ore leaching by H 2 SO 4 in the presence of black locust, the experimental data shown in Fig. 6 were processed and correlated to kinetic models for solid/liquid reactions. The leaching rate of manganese was analyzed in terms of the shrinking core model for reaction control under the assumption that the manganese dioxide ore was in homogeneous spherical solid phase. Eqs. (3) and (4) were applied to the results obtained from each temperature value, respec- tively. Eq. (3) was found to fit the data well with a correlation coefficient (R 2 ) greater than 0.99 as shown in Fig. 7 . The linear relationship between Eq. (3) and leaching time (t) suggests that the leaching rate of manganese is controlled by diffusion through the ash/inert layer of the associated minerals. This conclusion is supported by the fact that the leaching rate of manganese from manganese dioxide ore by H 2 SO 4 in the presence of black locust is controlled by inner diffusion when the temperature is above 40 o C [7] . Corresponding kinetic equations are shown in Table 3 . The apparent rate constants (k d ) were calculated as slopes of the straight lines. Using the apparent rate constants obtained by the application of Eq. (5), as shown in Fig. 8 , the Arrhenius plot (lnk versus 1/T) was obtained and the activation energy (E a ) was calculated as 17.81 kJ·mol . This value further confirms that reduction leaching process is controlled by the inner diffusion.
The leaching efficiency of manganese is 97.57% under abovementioned optimum conditions: WT of 4:10, 63 μm, 1.7 mol·L 
3-7. Effect of manganese dioxide ore on hydrolysis ratio of black locust
To investigate the hydrolysis ratio of primary components in black locust during the leaching process, the following experiments were performed under the above-mentioned optimum leaching conditions, except weight ratio of WT of 4:10 inverse WT of 4:0. The results are summarized in Fig. 9 . A comparative study was performed on the hydrolysis rate of black locust with leaching time under different hydrolysis conditions. The hydrolysis rate of hemicellulose increases to 82.29% rapidly after leaching time increases to 5 h when WT is 4:10, and then increases gradually to 71.67% once leaching time increases to 6 h; the hydrolysis rate of cellulose reaches 40.2% after 6 h. However, in the case of WT of 4:0, the hydrolysis rate of cellulose increases to 28.64% within reaction time of 6 h. This phenomenon occurs because the amorphous region of cellulose is easily hydrolyzed first, but its crystalline region is not easily hydrolyzed. The reason that manganese dioxide ore promotes the hydrolysis rate of cellulose is that the oxidizing ability of manganese dioxide ore gets stronger in the acidic medium, which contributes to breaking apart the crystalline region of with leaching time at various temperatures. cellulose. In addition, hemicellulose is easily hydrolyzed, due to its low degree of polymerization and degradable crystal structure in acidic medium [26, 27] . The hydrolysis rate of lignin increases slightly, because lignin is not hydrolyzed in leaching condition. In short, the hydrolysis rate of black locust is successfully promoted by manganese dioxide ore.
3-8. Characterization of ore samples and leached residues by XRD
Ore samples before and after leaching treatment were characterized by XRD to define the transformation of their mineralogical composition. The XRD pattern, in Fig. 10(a) , shows the presence of variety of metallic minerals, including pyrolusite (MnO 2 ), manganosite (MnO) and manganomanganic oxide (Mn 3 O 4 ). Its gangue minerals primarily consist of quartz (SiO 2 ), kyanite (Al 2 SiO 5 ), bauxite (Al 2 O 3 ) and hematite (Fe 2 O 3 ). As displayed in Fig. 10(b) , manganese compounds disappear after the leaching process. Leached ore residues are primarily comprised of silicon dioxide.
3-9. Characterization of black locust and leached residues by FTIR
FTIR is often used to analyze biomass structures and monitor changes caused by physical or chemical treatments [28, 29] . The FTIR 
Conclusions
A novel leaching process for manganese oxide ore was successfully demonstrated using black locust as reductant in sulfuric acid solution in this study. The leaching efficiency of manganese reached 97.57% under the optimal conditions: weight ratio of black locust to manganese dioxide ores of 4:10, ore particle size of 63 μm, 1.7 mol·L . The hydrolysis rate of black locust sawdust was promoted by manganese dioxide ores. To investigate the reaction mechanism, XRD analysis indicated manganese compounds in leached ore residues disappear after the leaching process. Additionally, FTIR characterization confirms that hemicellulose and cellulose in leached residues of black locust were hydrolyzed during the leaching process. 
